Abstract: This paper investigated the initial surface absorption (ISAT) of concrete using Portland cement (PC) and some binary and ternary cement combinations containing fly ash (FA), silica fume (SF) and metakaolin (MK) as partial replacements for PC at equal water/ cement ratios and strengths. At equal water/cement ratios, the cement combination concretes have higher ISAT values than PC concrete at 28 days and the disparity reduced with increasing curing age due to improved pozzolanic reactivity of the supplementary cementitious materials. SF and MK as binary and ternary cement components performed better than FA due to their higher fineness, improved particle packing and higher pozzolanic reactivity. At equal strengths, FA binary cement concretes have the lowest ISAT values and these reduced with increasing content of FA. At total replacement levels more than 20%, all the ternary cement concretes have lower ISAT values than PC concrete and the values reduced with increasing total replacement level due to the beneficial effect of FA.
Introduction
Cement combinations could be used to produce durable concretes at reduced cost and environmental impact than the conventional Portland cement (PC) concrete [1] . However, while BS EN 197-1 [2] permits the use of silica fume (SF), metakaolin (MK, a natural calcined pozzolana), fly ash (FA) and Ground Granulated Blast-furnace Slag (GGBS) of up to 10%, 35%, 55% and 95% respectively, data from the European Ready Mixed Concrete Organisation [3] showed that the total content of these supplementary cementitious materials (SCMs) in readymixed concrete, which are majorly FA and GGBS, is less than 20% of the total cement consumption. Hence, the patronage and use of higher quantities of these SCMs would make concrete cheaper and more environmentally compatible.
The resistance of the surface zone of concrete to permeation is an important indication of the quality of concrete. Hence, to provide more information on the permeation resistance and support the use of cement combination concrete, this paper investigated the initial surface absorption of concretes containing PC, FA, SF, and MK. The initial surface absorption test is a low pressure assessment of the uniaxial water absorption per unit area of the surface zone (i.e. zone immediately behind the surface) of a concrete at a stated interval (ranging from 10 minutes to 1 hour from the start of the test) and applied head of 200 mm of water which is slightly greater than that which would be caused by driving rain [4] . Also, the initial surface absorption after 10 minutes (ISAT 10) is sufficient for determining the resistance of the surface zone of concrete (which protects reinforcing steel against corrosion) against water penetration from driving rain [4] . SF and MK particles are characterized by high fineness, close packing and high hydration reaction and would improve the strength and permeation resistance of concrete [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, they are costly and their use would result in workability problems [14] [15] [16] [17] [18] . Fly ash, which is cheaper and characterised by low water demand and improved workability [19] [20] [21] , has poor performance at early ages [9] . However, its continuous pozzolanic reaction would improve the resistance of concrete to permeation at later ages [22] [23] [24] . Hence, ternary combinations of PC, FA, and SF or MK would reduce the water demand and superplasticiser dosage associated with SF and MK, compensate for the slow rates of reactions of FA at early ages and enhance the early and later-age performance of concrete [20, 22, [25] [26] [27] .
Furthermore, while concrete in practice is specified on the basis of strength, most studies have been carried out at different water/cement ratios thus preventing cross deduction between results and equal basis for the comparison of the performance of the SCMs. Hence, this paper investigated the ISAT 10 of PC concrete, binary cement concretes containing FA, SF, and MK as partial replacements for PC and ternary cement concretes containing PC, FA, and SF or MK at equal water/cement ratios and strengths.
Experimental Materials and Methods
The cements were Portland cement (PC, 42.5 strength class) conforming to BS EN 197-1 [2] , Class F fly ash (FA) conforming to BS EN 450-1 [28] and silica fume (SF) in a slurry form (50:50 solid/water ratio by weight) conforming to BS EN 13263-1 [29] and metakaolin (MK) conforming to BS EN 197-1 [2] . The aggregates consisted of 0/4mm fine aggregates and 4/10mm and 10/20mm coarse aggregates. The coarse aggregates were uncrushed and they come in varied shapes. The properties of the cements and aggregates are respectively presented in Tables  1 and 2 . Concrete was designed in accordance with the BRE Design Guide [33] using saturated surface-dry (SSD) aggregates at a free water content of 165 kg/m 3 and water/cement ratios of 0.35, 0.50, and 0.65. The experiment (mixing of concrete and curing and testing specimens) was carried out with potable water, conforming to BS EN 1008 [34] . A superplasticiser based on carboxylic ether polymer, conforming to EN 934-2 [35] , was applied during mixing to achieve a consistence level of S2 defined by a nominal slump of 50-90 mm in accordance with BS EN 206-1 [36] .
Concrete was prepared in accordance with BS EN 12390-2 [37] and the specimens were cast and cured under a damp cover for about 24 hours before being demoulded and cured in water tanks. The compressive strength and ISAT tests were carried out on the specimens. Compressive strength was determined in accordance with BS EN 12390-3 [38] using 100 mm cubes at the curing age of 28 days at the water/cement ratios of 0.35, 0.50 and 0.65. ISAT 10 at the curing ages of 28, 90 and 180 days were obtained in accordance with BS 1881-208 [4] using 150 mm cubes subjected to water absorption at room temperature (20 o C). Since absorption into concrete is a function of the drying temperature and immersion duration [39] , each specimen was oven-dried to constant mass at 105±5 o C (to ensure a uniform basis for the comparison and repeatability of the results), cooled to room temperature in a desiccator containing silica gel and subjected to a pressure of 200 mm head of water ( Figure 1 ). The tap was turned off after 10 minutes to remove the applied water head and the average distance moved by water along the capillary tube in a minute, over three readings, Figure 2 shows that ISAT 10 of FA binary cement concretes increased with increasing content of FA. The increase must be due to the reduction in the PC and Ca(OH)2 contents (dilution effect) and the delayed pozzolanic reaction of FA [9, 40] . Figure 3 also shows that ISAT 10 increased with increasing contents of SF and MK up to 90 days. However, the disparity between the ISAT 10 of PC concrete and that of SF and MK binary cement concretes reduced with increasing age such that at 180 days, the ISAT values were comparable with that of PC concrete. Compared with FA, the higher resistance to permeation of SF and MK must be due to their higher fineness resulting in improved packing and more nucleation sites for improved pozzolanic reaction to reduce pore size and porosity within the paste and at the interface transition zones between the paste and the aggregates despite the dilution effect [5, 12, 13] . Compared with MK, the higher fineness of SF must have also resulted in the lower ISAT values of the SF binary cement concretes than the MK binary cement concretes at equal replacement levels.
Initial Surface Absorption of Ternary Cement Concretes at Equal Water/Cement Ratios
Figures 4-6 present ISAT 10 of PC, FA binary cement and SF and MK ternary cement concretes at the total replacement levels of 20, 35 and 55% and water/cement ratios of 0.35, 0.50 and 0.65. Compared with the respective FA binary cement concretes, the addition of SF and MK as ternary cement components (to partly replace the FA contents) reduced ISAT 10 with increasing content at all the ages. Compared with PC, the ternary cement concretes have higher ISAT 10 at 28 days and the values reduced with increasing age such that at 180 days the values became comparable with that of PC concrete. As stated above, the improved performance of the ternary cement concrete would be due to improved packing and high pozzolanic reactivity of the ternary cement components (i.e., SF and MK) within the paste matrix and at the interface zone between the paste and the aggregates. Also, the higher fineness of SF must have also resulted in the lower ISAT 10 of the SF ternary cement concretes than the MK ternary cement concretes at equal replacement levels. Since concrete is specified in practice on the basis of strength at 28 days, ISAT 10 values of the concretes were examined at equal 28-day strengths. The cube compressive strengths (Figures 7 and 8 ) and ISAT 10 values of the concretes at 28 days (Figures 2-6 ) at the water/cement ratios of 0.35, 0.50 and 0.65 were interpolated to obtain the ISAT 10 of concretes at the 28-day strengths of 35, 40, 45 and 50 N/mm 2 ( Table  3) . Apart from falling within the range of strengths that would commonly be used in practice, these strengths also satisfy most of the strength requirements in BS EN 206-1 [35] and BS 8500 [41, 42] . Table 3 shows that ISAT 10 values of concretes, at equal strengths, were achieved at different water/ cement ratios and they reduced with increasing strength. Compared with PC, all the FA binary cement concretes have lower ISAT 10 values at equal strengths and these values decreased with increasing content of FA. On the other hand, all the SF and MK binary cement concretes have higher ISAT 10 values than PC concrete and the values increased with increase in their contents. Compared with the respective FA binary cements, the ternary cement concretes have higher ISAT 10 values at equal strengths. Whereas, the ternary cement concretes have higher ISAT 10 values than PC concrete at the total replacement levels of 20%, the values were lower than that of PC concrete at the total replacement levels of 35% and they reduced with increasing total replacement level to 55%. This must be due to the beneficial effect of FA at equal strengths. Hence, high content of FA would play a major role in reducing the initial surface absorption of concrete specified on the basis of strength. These results indicate that, if appropriate mix combination is used, cement combination would result in better resistance of concrete to permeation at equal strengths [43, 44] . 
Conclusion
This study investigated the effect of FA, SF and MK on the ISAT 10 of PC concrete at equal water/cement ratios and strengths and the following conclusions have been drawn: 1. ISAT 10 increased with increasing water/cement ratio and reduced with increasing curing age and compressive strength. 2. At equal water/cement ratios, the SCMs have higher ISAT values than PC concrete. However, while FA binary cement concretes have considerably higher ISAT values than PC concrete due to delayed pozzolanic reactivity, SF and MK have values comparable with that of PC due to their higher fineness and improved particle packing Consequently, the ISAT of the ternary cement concretes reduced with increasing total replacement level such that they became lower at total replacement levels more than 20%. 4. At equal replacement levels, while SF has higher resistance to initial surface absorption than MK at equal water/cement ratios, MK has higher resistance than SF at equal strengths. 
